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IMPROVED HIGH-SPEED OUTPUT BUFFER 



BACKGROUND INFOimATION 

Field of the In veni inn 

[0001] The current invention relates to the field of electronic circuits and 
particularly to the des.gn and manuiacture of high-speed output buffers. 

Descrip tion of Related An 
[00021 As integrated circuits are designed to operate at increasingly higher frequencies, 
noisy, distorted, and/or inconsistent signals can cause devices such as output buffers to 
produce poor c,uaht,v outpul. Preferably, an oulput buffer may provide a clean, 
symmetric, well-shaped output waveform even if the input signals are noisy or of poor 
quality. However, an output buffer may receive an asymmetric, low quality differential 
signal with a substantial and/or mconsistent amplitude vaiiation and/or a common mode 
component, hi many cases, the quality of the differential input signal may degrade with 
increased operating frequency. An eye diagram, constructed by overlaying the output 
votage wavelbrms for many clock cycles, may be used mdicate the fidelity or quality of a 
signal put through an electronic buffer circuit. A high quality output waveform may have 
an eye diagra.ii with a symmetric shape that approaches the shape of a square wave. 
Often, it is desirable to have a buffer output waveform with a centered or controllable 
crossing point (the point wliere the rising and felling signals intersect). The output 
crossing point may be characterized by the crossing point voltage (V„.„,,„,,). For a 



more 



d,ffe,.e„.i„, o„t,n„ bufli, each of output waveforms has a„ associated crossing po,„. 

voltage. 

100031 One method for improving the qualuy of.n output buffer signal and/or controlling 
Vcross.cnu is to incorporate a feedback loop into the buffer's design. However, the 
incorporation of a feedback loop can be tricky and expensive to implement. This may be 
due, in part, to complexities related to designing a circdt that determines V.._, ft,., 
the actual output signal without highly restrictive assumptions about the data pattern. For 
instance, a static replica circuit cannot determine V,_, because V_,... depends on the 
shape of the rising and falling edges. Alternately. . correction signal may be generated 
and combined with (he output buiTcr .siynal (o yield die final output signal with a 
desirable Ve..,,,,.. However, properly matching delays between the high-speed signal 
paths c;m be especially difficult. 

[0004] Accordingly, it is desirable to have an inexpensive and robust output buffer 
des.giied for operation over a wide frequency range, capable of providing high quality 
1 5 output .signals when provided with variable and/or poor quality differential mput signals. 
Preferably, the output buffer may be manufactured using currently available 
semiconductor technologies and mcoi porated into .small footprint integrated circuits. 

SLIMMARY OF THE INVfCNTION 
10005] It is an object of the current invention to provide a robust difTerent.al output buffer 
component designed to operate over a wide frequency range., capable of providing two 
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high duality output signals even when provided with variable and/or poor quality 
differential input signals. 

100061 According to the current invention, the buffer component comprises a cascode 
module for receiving a differential current signal from a d.fferential pair module and 
transmrtting that differential signal as two output currents. Preferably, these two output 
currents are converted to two output voltages by two external load impedances. Often, in 
addition, '1,ack termination" impedances may be present on-chip to minimize the impact 
of signal reflections in case of in.perfect external terminahon. Typically, the differential 
pair module external to the current invention and the cascode module internal to the 
current uwcntion maj' comprise sets of bipolar transistors and/or sets of field eflect 
transistors (FETs). Using the example of a bipolar implementation, the emitter end of a 
common base cascode pair is coupled to the collector end of a common emitter 
differential pair. The resistance at the collector nodes of the difterential pair is due in part 
to the characferistics of the cascode pair. Optionally, a resistive module, called a ca.scode 
resistive module, may be inserted between the cascode pair and the differential pair to 
further alter the resistance at the collector nodes of the differential pair. Additionally, the 
resi,siancc due to the stage driving the differential pair may be engineered to alter the 
properties of the buffer output waveform. In some cases, optional resistive modules, 
called drive resistive modules, may be coupled to the inputs of the differential transistors 
(base nodes for bipolar implementations or gate nodes for FET implementations) to 
provide an additional small resistance for altering the properties of the buffer output 
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waveform. According to ,he cunent invention, for each of >he output signals of the high- 
speed buffer element, the symmetry of the rising wavetom, edge with respect to the 
falling waveform edge may be engineered. Continuing with the example of a bipolar 
implementation, the symmet^ of the output signal waveforms may be manipulated by 

; engineering tliree parameters: 

1 ) tlie cascode bias 

2) the resistance at the collector nodes of the differential pair 

3) the resistance at the base nodes of the differential pair. 

By engineering these three parameters, the average base-collector voltage, the voltage 
swing of the collector nodes of the transistor pa.r. and the synu.cuy of ihe input 
waveforms rnay be controlled, thereby providing substantial, self-controlled capacitance 
changes at the differemial pair's collector nodes. This technique may be used to suppress 
effects due to the undesirable common mode signal component of the tv.o output signals. 
For eUl-ie. the buffer output voltages, th.s lechnique may be u.sed lo alter the symmetry 
of the r:ising and tailing edges as represented by the V,„,,,,,. in an eye diagram. Whereas 
typical bufler component designs may minimize the resistances at the input and output 
nodes of (ho differential pair to minimize delay.s. according to the current invention, the 
shape of the output signal waveforms may be engineered and/or improved by altering 
these resistances. 

100071 According to an alternate embodiment of the current invention, a cascode resistive 
module may not always be required. For example, for bulTer component implementations 
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whe.e the cascode pair is based on FETs, the resistance seen by the output nodes of tl.e 
differential pair may be achieved by proper sizing of the cascode FBTs. 

100081 Preferably, the current invention may be used to improve the quality of the two 
output signals of a high-speed differential buffe.- component by improving the symmetry 
of the output signals under expected operating conditions. However, accordmg to an 
alternate embodiment of the current invention, the output signals may be engineered to 
alter the sytnmetry in other ways. For example, according to the current invention, the 
output signals n,ay be purposely pre-distorted to compensate for opposite distortions 
expected from an electronic circuit driven by this buffer. 

100091 Optionally, coupling the current mvent.on's output signals to an on-chip inductive 
module such as a pair of inductors or a transmission line pair coupled to a supply rail may 
help manage parasitic capacitance effects. 

[00101 Optionally, preconditioning the input signals to the differential pair module with a 
Cheny-Hooper style amplifier (for example, see E. M. Cherry and D. E. Hooper, "The 
Design of Wide-band Transistor Feedback Amplifiers," Proc. I.E.E., vol. 110, No. 2, Feb. 
i9(S3. pp. 17.V380) may further improve the quality of the output signals provided by the 
cunent invention, 'fhis may be especially true for poor quality input signals with a 
substantial and/or inconsistent amplitude variation and/or a common mode component. 

1001 1 1 Advantageously, the current invention may be designed and built using currently 
available semiconductor technology and integrated into a variety of different devices such 
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as, but not limited to, high-speed buffers, broad-band amplifiers, high-speed log.c gates, 
narrow-band amplifier., ,.,xers, oscillators and/or systetns such as, but not limited to, 
wireless local area networks, satellite communications devices, global positioning 
systems and high-speed communication systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS 1 A-D show schematic diagrams illustrating examples of high-speed buffer 
components according to the current invention. 

FIG 2 illustrates an example of the output stage of an ordinaiy high-speed buffer. 
FIG 3A illustrates an example of a typical input signal for an ordinary high-speed 
buffer with a high degree of symmetry between the rising edge and the tailing edge, 
resulting in a centered V^rass/m- 

FIG 3B illustrates an example of an input signal for a high-speed buffer 
implemented with buffer components according to a preferred einbodiment of the current 
.nvontiof, shosving a low degree of symmetry between the rising edge and the falling 
edge, exhibiting in a high value for Vcro.„.in- 

FIG 4A illustrates an e.vample of a resulting output eye diagram with a low degree 
of symmetry bet\veen the rising edge and the falling edge and a high value for V,,,„,„, 

FIG 4B illustrates an example of an output eye diagram with a high degree of 
symmetry between the rising edge and the falling edge and a centered V„oss,out. 
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FIG 5 illu.slrates an example of an optional inductive module coupled to a high- 
speed buffer implemented using a high-,,pe.d buffer element according to the current 



invention. 



F[0 6 illustrates an example of a two-stage buffer design incorporating a Cheny- 
Hooper style amplifier for pte-conditioning the input signal to a preferred e„,bodunen, of 

the CLirrenl: invention. 

FKi 7 illuslrates a preferred process for improving high-speed buffer components 
according to the current invention. 



DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 
fOOni i^IG t A sliovvs a schematic diagram illustrating an example of a high-speed buffer 
component .120 according to the cunent invention. In this example, the high-speed buffer 
component 120 is used to create a high-speed buffer 175. In FIG I A, high-speed buffer 
coni]wii.:nt 120 and the differential pair module 140 of high-speed bufter 175 are 
implemented using bipolar transistors. Examples of bipolar transistors include, but are 
not limited to. bipolar junction transistors (BJTs) and hetero-j unction bipolar transistors 
(HBTs). However, according to alternate embodiments of the currem invention, devices 
such as, but not limited t(,, tleld effect transistors (FETs) or a combination of bipolar 
transistors and FETs may be used. These devices may be implemented using a variety of 
process teclinologies such as, but not limited to, CMOS (complementary metal oxide 
semiconductor), bi-CMOS and/or compound semiconductor processes. For example, FIG 
IB shows a .sehcmatic diagram illustrating an example of a FET implememation of a 
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high-speed buffer component 121 according to tl.e current invention. FIGs IC and ID 
show schen,atic diagrams ilh.strating examples of mixed bipolar/FET implen.entations of 
high-speed buffers 1. 77 and 1 78 according to the cuiTent invention. 
[00131 According to a preferred embodiment of the anxent invention, the high-speed 
buffer component comprises a cascode module comprising a parr of cascode transistors. 
For bipolar implementations such as 120 and 122, the cascode module comprises cascode 
transistor pairs in a common base configuration. For FET implementations such as 121 
and 123, the cascode transistor pairs are in a common gate configuration. Further, the 
high-speed buffer ccnponeni may comprise one or more additional circuit elements, such 
as, but not limited to bleed resistors and/or other circuit elements, such as current sources, 
to provide keep-alive currents. For example, high-speed buffer component 120 includes a 
bleed resistor 1 25. Similarly, for FET implementations, the high-speed buffer component 
may comprise additional circuit elements. 

[00141 According to the current invention, the buffer component comprises a cascode 
module for receiving a differential cun-ent signal from a differential pair module and 
transmitting tliat differential signal as two output currents. Preferably, the cascode 
module translates the differential pair collector currents with near unity gain to output 
currents. Prelerabl>', tliese two output currents are converted to two output voltages by 
two external load impedances to a fixed supply. However, in some cases, one of the 
output current paths may be terminated to an on-chip supply. Often, in addition, "back 
termination- impedances may be present on-chip to minimize the impact of signal 
renections in case of impo.rlx=ct external termination. Typically, the dilTcrenlial pair 
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module external to the current invention and the cascode module internal to the current 
invention may comprise sets of bipolar transistors and/or sets of field effect transistors 
(FETs). Using the example of a bipolar implementation, the emitter end of a common 
base cascode pair is coupled to the collector end of a common emitter differential pair. 
Optional Cascode I^esistive IMoflnlf 

[00151 According to the current invention, tiie optional cascode resistive module is 
coupled between the cascode module and the differential pair module. FIG 1 A illustrates 
an example ol'an optional cascode resistive module 100. According to a preferred 
embodiment, cascode resistive module 1 00 comprises two resistors in a parallel 
configuration. Preferably, the parallel resistors, such as resistor 1 10 and 1 15. have 
subs(antially identical properties. Preterably, resistors in ihe cascode resistive module are 
designed to have low resistance so that they will have a relatively small impact on the 
overall speed of the bul lcr device. Although the cascode resistive modules illustrated in 
FIGS 1 A-D each comprise two substantially identical resistors, it is envisioned that 
alternate embodiments ol" the current invention may comprise cascode resistive modules 
with asymmetric propei ties. Furthermore, in some cases, the ca.scode resistive module 
may compi ise more than two resistors and/or other electronic elements. 
Optional Drive Resistive Modules 

1001 6| According to the current invention, the optional drive resistive modules are 
coupled to the input nodes of the transistors in the differential pair module. Examples of 
optional ilrive resistive modules 190 and 195 are shown in FIG 1 A. According to a 
preferred embodiment, drive resistive module 190 comprises a single resistor. However, 
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according to alternate embodir..ents of the current invention, a drive resistive module may 
comprise one or more resistors and/or other electronic elements such as electronic 
elements that may provide a resistive load. Preferably, each differential pair module 
transistor has an optional drive resistive module coupled to its input node. For example, 
in a bipolar implementation, the differential pair transistors may have drive resistive 
modules coupled to their base nodes; in a FET implementation, the differential pair 
transistors may have drive resistive modules coupled to their gates. Preferably, the 
optional drive resistive modules may be implemented in pairs with one optional drive 
resistive module per dirfcrential pair transistor. Preferably, the optional drive resistive 
modules, such as module 1 90 and 1 95. have substantially identical properties. Mcwever. 
according to alternate embodiments of the current invention, the optional drive resistive 
modules may have asymmetric properties. Preferably, resistors in the drive resistive 
module are designed to have low resistance so that they will have a relatively small 
impact on the overall speed of the buffer device. 

(00I7I According to the current invention, for each of the output signals of the high- 
speed buffer element, fhe symmetry ol thc lising waveform edge with respect to the 
falling waveform edge may be engineered. The symmetry of the output signal waveforms 
may be manipulated by engineering three parameters: 



I ) the cascode bias 



2) the input resistances of the cascode module loading the collector nodes (for 
bipolar implementations) or the drain nodes (for FET implementations) of the 
differential pair. 
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3) the output resistances of the stage driving the base nodes (for bipolar 

miplementations) or the gate nodes (for FET implementations) of the differential 
pair. 

Considering the factors affecting the speed of bipolar transistor differemial pair 140 may 
help illustrate techniques for engineering these parameters. An approximation of the 
dominant time constant (t) for the response from differential pair voltage inputs to 
differential pair current outputs may be represented by the following equation: 

T = CbeRdrive + Chc(Rdrivc + Rcasc + gmRdrivcRcasc) (Equation 1 ) 

where; 

Cbe is the transistor base-emitter capacitance 

Cbc is the transistor base-collector capacitance 

gm is the transistor transconductance 

Rdrive is the resistance driving a differential pair transistor 

is the resistance loading a differential pair transistor 

Equation (I ) represents a first order analysis of the time constants associated with the 

response from the differential pair using a "haU-circuit" analysis. In circuit design, the 

■'half-circuit" analysis is sometimes used to analyze circuits intended for differential 

operation. In this case, Equation (1) tends to be most accurate in the region near the 

middle of the switching event, when the voltage inputs to the transistors in the differential 

pair are nearly equal The "half-circuit" analysis assumes that the full circuit, including 

the circuit driving the hulTer and any external loading of the buffer, is synimetric and we 
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will assume this to be true for this illustration. In a half-circuit analysis of buffer 175, 
Rdrive i:irjhc sum of the resistance Irom the previous stage coupled at INP 180 and the 
resistance Irom optional drive resistive modules 190; R,,,,, is the sum of the input 
resistance of one of the transistors 1 30 of the cascode module 1 20 and the resistance of a 
resistor II 0 of the optional cascode resistive module 100. According to Equation (1), the 
time const£mt t may be minimized by minimizing the values of Rdrivc, Rcasc. and Cbc- For 
this reason, it is unusual to see a . cascode resistive module such as 100 inserted in an 
ordinary high-speed buffer. The time constant t may also be altered by altering Cbe 
and/or g,,,. Typically, however, these variables are optimized to obtain a certain speed 
and power performance of the buffer. For large negative Vbc values such as -1 V. Cbc 
tends to be small. For example, for high-speed bipolar transistors with cut-off 
frequencies fp and maximum oscillation frequencies ln,a.N in excess ol 10 GHz, a typical 
Cbc value may be about 1 0 femto Farads (fF) when Vbc is about -1 V. As Vbc increases, 
the capacitance Cbc increases and tends to rise rapidly in a non-linear fashion. In this 
example, for high-speed bipolar transistors with cut-olT frequencies fr and maximum 
oscillation frequencies f,,,;,., in excess of 10 GHz, a typical Cbc value may be 100 fp or 
greater when Vbc is about 0 V. 

Operation of an Example of an Qrdiiiat v High-soced Buffer 

|0018| To illustrate the value of the current invention, the operation of an example of an 

ordinary high-speed buffer will be compared to the operation of a buffer implementing 

the current invention. FIG 2 illustrates an example of the output stage of an ordinaiy 

high-speed buffer. With the ordinary high-speed buffer 179, the Vc,,,c (common base 
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voltage for cascode ti-ansistors 134 and 139) is maintained at a substantially constant 
potential. The low-impedance input nodes 64 and 69 of the cascode pair 124 (emitter 
nodes of transistors 134 and 139) provide light loading of the differential pair 144 output 
nodes leading to a fast response of the differential pair output currents to differential pair 
5 input voltages. These cuiTents are input currents to cascode pair 124. Cascode pair 124 
converts the input currents to output currents with a gain of close to unity. To support 
high-speed operation, the resistances driving the differential pair (R^nvc), the resistances 
loading the differential pair (R,,,) and the differential pair transistor capacitances of 
typical high-speed buffers such as buffer 1 79 tend to be minimized. 
!0 [0().19| For a Unite, non-ideal current sink .such as current sink 174, the current sink's 
output impedance affects the output waveforms of a current-mode output buffer, causing 
Vaoss.ou: for either of the outputs OUTP 94 or OUTN 84 to be higher than the average of 
the high and low output voltage levels of the buffer for an ordinary high-speed buffer 
such as buffer 1 79. FIG 3A illustrates an example of a typical input signal for an ordinary 
!5 high-speed buffer with a high degree of symmetry between the rising edge and the falling 
edge, resulting in a centered Vcros.s.in- In this example, considering the ordinary high-speed 
buffer I 79. the approximate value of the common emitter node voltage (V,) may be taken 
10 be the ma.<imum of the two input voltages (INP 222 and INN 223, in this case) minus 
the typical value for the base-emitter voltage (Vbe), when the transistor is on, as 
^0 illustrated in FIG 3A. Vor; is technology dependent. For example, a common value for 
Yn,:; in an Indium Phosphide (InP) based heteroj unction bipolar transistor (HBT) is about 

f».75 vdlLs. When (lie inpul; .siynais .switch, the emitter nnde voltage assume..; a minimum 
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value. The finite output impedance of the current sink leads to a reduction of the current 
sink output current, resulting in a decrease in the total output current of the differential 
pair. This results in an increase in the common-mode output voltage of outputs OUTP 94 
and OUTN 84 at the time of the switching event, causing V^oss.ou. for either of the outputs 
5 OUTP 94 or OUTN 84 to rise above a centered value. FIG 4A illustrates an example of a 
resulting output eye diagram with a low degree of .symmetry between the rising edge and 
tlie tailing edge and a high value for V,.r„.,,,o«i. FIG 4B illustrates an example of an eye 
diagram with a high degree of symmetry between the rising edge and the falling edge and 
a centered V,ros,.o..r. For each output voltage signal, liie current invention provides a 
technique Tor oblaining a centered V,,,„,,„„ by modi lying a conventional output buffer 
such as buffer 1 79, which tends to exhibit a high Veross.o,,.. 
Input-Output Capacitance 

[0020J The current invention uses the fact that the input-output capacitance Ci„ of the 
differential pair transistors (the capacitance between the voltage controlling input 
terminal of a transistor and the cun-ent mode output terminal of that same transistor) is a 
non-linear function of the voltage difference between these nodes, Vj„. Preferably, an 
embodiment of the current invention may operate with a Vj„ range such that do shows a 
substantial, usable variation as a function of Vu, for Vi., values near the average Vjo. For a 
bipolar differential pair implementation, Ck, would correspond to the capacitance between 
the base and the collector (Cbc); for a FET differential pair implementation, Cio would 
correspond lo the Ccipacitance between the gate and the drain {C„d). 
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ControHing Vcross.n». Using a Preferred Fm bodinient of the Currcnf lnv.»H»„ 
100211 l^or iUuslralion, we will consider the operation of the bipolar high-speed buffer 
175, however, it is understood that a similar analysis may be applied to the FET 
implementation. Initially, we consider high-speed buffer 175, as illustrated in FIG lA, 
with a low initial input voltage at INP 180 and a high initial input voltage at INN 181. 
This leads to a low base voltage at node 70 of transistor 150 (V,.,,,,„.) and a high base 
voltage at node 75 of transistor 160 (Vb:.sc,n,a.). In this state, transistor 150 is "off' and 
transistor 160 is "on" The load impedance of transistoiK 1 50 is equal to the sum of the 
emitter input impedance of cascode transistor ilo of the cascode module 120 and the 
value or the resistor I 1 0 oj the optional cascode resistive module 100. Similarly, the load 
impedance of transistor 160 is equal to the sum of the emitter input impedance of cascode 
transistor 1 35 of the cascode module 120 and the value of the resistor 115 of the optional 
cascode resistive module 100. In a preferred embodiment of the invention, the load 
impedances are equal, and they will be referred to as R«„, here. Initially, transistor 150 
has a relatively low base-collector voltage (V,„,„,„= VHa.c.,ni„-Ve„„e«or.„K.) and a low base- 
collector capacitance Cbc.n,in between its input and output nodes, while drawing a small 
oiiipul cLn rent from R,,„, and having a relatively high output voltage (Ve„,„,,or,,K,.v) at node 
1 45. Correspondingly, transistor 1 60 has a relatively high base-collector voltaoe CVko 
= Vbi,sc.n.:i.x-Vcoiutior.i.iiii,) and a high base-collector capacitance Cbc,„,a.v, while drawing a 
large output current from R,,,,, and having a relatively low output v(.)ltage (Vcoii,c,orn.in) at 
node 155. fhe cascode module translates the differential pair output cuirents to currents 
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into load impedances to produce buffer output voltages, OUTP 90 and OUTN 80. 
Therefore, initially, OU'l l> 90 will be low and OUTN 80 will be high. 

[00221 The following analysis assumes that the differential pair capacitances (C'bc) are in 
a region where their variation with V^, is significant. When the input to transistor 150 
starts to switch to turn transistor 150 "on", initially, only a small amount of transistor 
output (collector) current is used to charge of transistor 150 because this Che is close 
to Cbeniin vvhich represents a large impedance relative to R,asc. The small loss of the 
transistor 150 output current translates into a small loss of the cascode transistor 130 
output current. Therefore, the output voltage OUTN 80 fells only slightly slower than 
would ho the case for mi ideal differential pair transistor with a Cik of zero. When the 
input to transistor 160 starts to switch to turn transistor 160 "off \ initially, a large amount 
of transistor output current is used to charge Cbc of transistor 160 (relative to the cun-ent 
chai-ging the Cbc of transistor 1 50) because it is close to Cbc.ma.N which represents a smaller 
impedance than Cbc.min relative to Rcasc- The relatively huge loss of transistor 160 output 
current translates into a relatively large loss of the cascode transistor 135 output current. 
Therefore, the output voltage OUTP 90 rises substantially slower than would be the case 
Ibr an ideal differential pair transistor with a Cbc "f zero. During the second half of the 
switching event (alter transistor 150 is mostly on and transistor 160 is mostly off), a 
relatively large fraction of the transistor 150 output current is charging transistor 150's 
Cbc as it approaches (.•bc.in:..\ which represents a smaller impedance than Chc.min relative to 
that of Rci..s<.- This sizable loss of transistor 1 50 output current, after "translation" through 
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the cascode transistor 130, results m a slow final fall of the output voltage OUTN 80. 
Similarly, only a .small portion of the transistor 160 output current is required to charge 
transistor 160's C^c as it approaches Chc,.„i„ which represents a larger impedance than 
Cbc,ma.x relative to Rcasc The small loss of transistor 160 output current, after "translation" 
5 through the cascode transistor 135, results in a relatively fast final rise of the output 
voltage OUTP 90. In this example, the falling output voltage OU TN 80 slows after it 
reaches mid-scale; the lising output voltage OUTP 90 slows belbre it reaches mid-scale. 
A similar analysis may be carried out with the initial state of INP 180 and INN 181 
reversed and shows that the tlilling output voltage OUTP 90 slows after it reaches mid- 
10 .scale, while the risi.iu output vollagc OUTN 80 slows before it reaches mid-scale. As a. 
result, the V^„,s.s,..,i 21 I of either of the differential pair output voltages (OUTP 90 or 
OUTN SO) moves down (compared to the ordinary high-speed buffer's Vcross.ou. 210) and 
may achieve a more centered position as shown in FIG 4B. The non-linear differential 
pair transistor capacilaiices alTecl the output currents of the differential pair in such a 
i.? manner that the Ve,„s.s-,oiii 2 1 1 of the buffer output voltages OUTP and OUTN tend to move 
down. 

I0023I Furthermore, the effect of the loss of input currents to the variable differential pair 

input-output capacitances (in this case witli bipolar transistors, Cbc) may also lead to a 

lowering of Vca,,«,,.M when the differential pair input impedances, Rj.ive, are taken into 

20 account. Starting from the same situation as described above, when the input INP 1 80 

starts to switch to (urn transistor 150 "on", initially, only a small amount of current from 

INP 180 is used to charge C,,c of transistor 150 because Cbc of transistor 150 is close to 
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Cbcnin Which represents a large impedance relative to Rdnve- The initial small loss of 
current to the C,, transistor 150 leads to a slightly slower rise of the input voltage to 
transistor 150 at node 70 relative to an ideal transistor with a C,. of zero. When the input 
INN 181 starts to switch to turn transistor 160 "off, initially, a relatively large amount of 
current from INN 181 is used to charge C,c of transistor 160 because it is close to C^cax 
which represents a smaller impedance than Cbc,„i„ relative to R,,... The initial large loss 
of current to the C,,e. of transistor 160 leads to a substantially slower fall of the input 
voltage to transistor 160 at node 75. During the second half of the switching event (after 
transistor ISO is mostly on and transistor 160 is mostly off), a relatively large fraction of 
current from INP" 180 is charging transistor 150's C,, as it approaches C,,,,,,. which 
represents a smaller impedance than Chc.n,i„ relative to R,,,,. This sizable loss of cunent 
results in a slow final rise of the input voltage of transistor 150 at node 70. In comrast, 
only a small portion of current from IN 181 is required to charge transistor 160's Cbc as it 
approaches Ct,c.mm \vhich represents a large impedance relative to Rdrivt-.. This small loss 
of cun-ent results in a relatively fast final fall of tlie input voltage of transistor 160 at node 
75. FK) 3B illustrates an e.xample of an input signal for a high-speed buffer implemented 
with buffer components according to a preferred embodiment of the current invention 
showing a low degree of symmetiy between the rising edge and the falling edge, 
exhibiting in a high value lor V,,,,,,,,. As illustrated in FIG 3B, V,,,,^,.,, 201 of the input 
voltages may be moved higher for output buffers such as output buffer 175 compared to 
the Vero.ss.jn 200 of the input voltages for ordinaiy high-speed output buffers such as 179. 
In contrast, ordinary high-speed output buffers may not shift the V„.„,_,„ of the input 



-19- 






less dovwiward nioveme^ of the commo n emitter 
: :fi^;l;6%oltegeO^^ InnG3B,^;^6fy^foroutputbu^l75 
5,.; -is^^to^ compared the Ve range for ordinary high-speed output buffer 179. Due to 
•i ^,^^,«iigeof V, at node 165, there is less mpdulati6n 6f;the current fiom current 
sink 170;. This limits the elevation of Vc„ss.out typical of ordinary high-speed output 
bufibs j^u(^ as ordinary high-speed output buffer 179. As a result, the W^^^ut of the 
output voltages may be lowered by the non-linear Cbc effect Oh the input currents of the 
1 0 diflfereii€al pair relative to the ordinary high-speed output buffer 1 79. 

1002;4]::Aec^rdingly, in the case of bipolar high-speed buffer 175, Vcross,out of the output 
voltagesn^gy be engiheered. In general, Vcross,out of the output voltages may be decreased 
by: • 

. 1) increasing the rate of change of do as a fimction of Vjo 
15 2) iiicireasing the range Vio,max - Vio.n,i„ 

3) , iricreasing Vbross,in of the mput voltages. 
[0025] For example, raising the average Vio for each of the differential pair transistors (in 
the bipoial- example of FIG 1 A, transistors 150 and 160) may increase the rate of change 
of Cio as a function of Vio. This may be achieved by lowering the cascode module bias 
20 (for.exainple, Vcascat node 182) so that the average output voltages of the differential pair 
go doym relative to the average input voltage level. This may cause a minor loss in 
output iv^aVeferm speed. Furthermore, increasing the range y,o;max-y,p,„u, may be 
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cascode module 120 as weU as the optional cascode resistive module 100. Again, a 



inci:ease .Ve^s.m of the input voltages. For buffer 175, R^rive is the resistance from the 
5 previous stage coupled at INP ISOandlNN 181 as well as the resistance due to optional 
drive i-esistive modules 190 and 195. Again, this may introduce a loss in output 
waveform speed. However, in general, it is advisable not to rely solely on an increase in 
Rdrive to; achieve an effective decrease in Vc,oss.out of the output voltages as this may 
negatively impact the overall speed of the buffer: For example, as Equation (1) for the 
10 bipolar ease shows, a substantial loss in output wavefomi speed may be incurred due to 
the fir^ term (CbeR<irivc ) which does not contiibute to the nonlinear Cbc effect. 

Fdr il lustration, consider tiie case of buffer 1 75 where we may fix some of the 
variables in Equation (1). In tiiis analysis, we depart from the "half-circuit" analysis 
where we assume tiiat the time constants for the two transistors in the differential pair are 
15 equal andjassess Equation (1) for each transistor. Equation (1) remains approximately 
valid for diach transistor if the buffer circuit is not far from a balanced state. Even when 
the circuit is far from tiie balanced state, it gives a rough indication of tiie order of 
ihagnitude of tiie time constants involved for the two tiransistors. We begin by 
substituting some typical values for tiie variables in Equation (1): 



20 



Rdrive ~ Rcasc — 1 0 obm: 
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that Cbc varies, between 10 fF when Vbc is near its minimum value and 75 fF wheii Vbc is 

n ear its niaximum valu e); ■ 

Cbe«75.fF; 
5 gm = 0.2ohm"'. 

Startiiig ,wtha,first ti;ansistor in the differential pair with a V^c is near its miiumum value 
and the second transistor in the differential pair with a Vbc is near its maximum value, we 
see thit when is less than C,, (when Vbo is near its minimum value), time constant x 
ffiay be about 1 picosecond (ps) for the first transistor. However, as the Value of Cbc 
10 approaches the value of Cbe (when Vbc is near its maximum value), the second tenn of 
Equation (1) dominates and tiie time constant t may increase to more than 4 ps for the 
second transistor, tlus Analysis illustrates the effect that the response of one transistor 
fast S\^eiiithi^ response of the other tiansistor is slow. 
Pre-diStbrted Qutniit 

1 5 [0026J Acicdiding to iflie current mvention, the current invention may be used to pre- 
distort a sigrial. In some cases, it may be desirable to estabUsh a Yc^,^t of the output 
voltages tiiat is not centered. For example, a high or low Vcross.au, of the output voltages 
may be used to compensate for opposite distortions expected from a later circuit, cable, 
medium; otdevice. In this case, altering the circuit parameters discussed above may be 

20 used to acmeve tiiis type of optimization of Vc,oss.outof tiie output voltages. 



is 



-22- 



• . ' ' j ^^P^il^je Moduli ' \, -2 ^' ' * '' \ ' [ ' ' ' V;'*' ''"'"-['f 

[0027] Optionally, coupling &e current invention's output signals to an on-chip inductive 

: _ .^"'^'^^ ^'"^ ^ " P^. ofmductors or a t ransmission line pair coupled to a sup ply rail may 

help manage parasitic capacitance effects. FIG 5 illustrates an example of an optional 
5 inductive module 350 coupled to a high-speed buffer 175 implemented using a high- 
speed buffer element according to the current invention. 

Precohdifidi iing tha Inp ut Ri^n^i 

[00281 Accordmg to a preferred embodiment of the cuirent invention, the high-speed 
buffer component may be used in a two stage buffer design. Two stage buffers may be 
10 used to pre-condition a signal before it is input to the current invention. For example, 
using this method, si^al selectivity may be unproved and/or the speed of a switching 
event may be increased or decreased to improve the waveform output by the current 
invention. Accordmg to a preferred embodiment of the current invention, the high-speed 
buffer component is coupled with a limiting ampHfier such as a Cheny-Hooper style 
15 amplifier in order to obtain a very high-speed buffer. FIG 6 illustrates an example of a 
two-stage buffer design incorpbrating a Cherry-Hooper style amplifier 300 for pre- 
conditioning the input signal to a preferred embodiment of the current invention. Hiis 
type of configuration may be used to pre-condition poor quality input so that various 
embodiments of the current invention may still provide robust switching. Alternate 
20 embbdunents of the current invention are envisioned using a variety of techniques for 
pre-conditioning the signal. 



-23- 




] Aithbugh itiie' lireceding discussion, aMysis.^d examples iiaVe focused on 
bipolar transistor implementations of high-speed buffer components according to the 

S!H!??Li«vention, a^^^^^^ of alternate embodi ments ex ist. For example, a similar 

analysis may be done on FET and mixed bipolar/FET implementations. Similar 
5 techniques may be used to alter the symmetry of the cascode module's output waveforms 
.for FET!; :arid mixed bipolar/FET implementations according to the current invention. 
Typically, in an implementation involving cascode FETs. the source impedance of a 
cascode BET tends to be higher than the emitter impedance of a bipolar transistor. In 
some cases, the optional cascode resistive module may not be used when careful sizing of 
10 the FETs to establish a high enough source impedance provides the desired effective 
resistaiice. 

[003.0^ Advantageously, the current invention may be designed and built using currently 
aVa£iablj?:seimconductor technology and integrated into a variety of different devices such 
as, but riot limited to, higli-speed buffers, broad-band amplifiers, high-speed logic gates, 
1 5 nairow-band amplifiers, mixers, oscillators and/or systems such as, but not limited to, 
wireless Ideal area networks, satellite communications devices, global positioning 
systems and high-speed communication systems. 

Method 

[0031] FIG 7 illustrates a preferred process for unproving high-speed buffer components 
20 according to the current invention. Preferably, according to the current invention, the 
method of improving high-speed output buffer components begins when a cascode 
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transi5toii:^b(iul^ is established (SI). According to the current invention, thb'cascode 

transistor module is configured to receive a differential current signal from a differential 

pair m odule and transmi t that_(Merentiai current signal into-a-pair-^f-extemal load- 

impedaiices. The process continues when the resistive loads seen by the output nodes of 

the differential paur module are engineered to optimize the eye diagram shape or the 

Vcross.out of the output signals of the cascode transistor module (S2). For example, the 

cascode bias voltage may be selected according to one or more criteria. Altering the 

cascode bias voltage may shift the Veross.oui up or down, so the optimal eye diagram shape 

or Vcross,out may be considered when the cascode bias voltage is selected. In some cases, 

the characteristics of the transistors in the cascode transistor module may be carefully 

chosen ta achieve the ideal resistive load. Optionally, the process continues when an 

optiorial cascode resistive module is used to alter the resistive loads seen by the output 

nodes of the differential pan- module to further optimize the eye diagram shape or the 

Vcross,out (S.3). In some cases, the resistive loads may be altered by inserting an optional 

cascode resistive module between the cascode transistor module and the differential pair 

module. Optionally, the process continues when the resistance associated with the stage 

driving the differential pair is carefiilly selected (S4). The resistance associated with the 

driving stage may be carefuUy considered as this resistance. Rdhve. may be used to shift 

the position of the Vcross,out. hi some cases, an explicit optional drive resistive module 

may be cdupled to the differential pah: input. Alternately, carefiil sizing of the transistors 

driving liip.differential pair may be used to achieve an advantageous Rdnvc Optionally, 

the proi&is continues when the signal input to the differential pair module is prfe- 
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.: . ^ .^nditibrfed (S5). In some cases, an '^lifier,^^ 

style amplifier may be coupled to the input signals of the differential pair module in order 
— PI^--?<^ition the signal,.aad_fi«lheiLimprove^.A^ of the buffer 



component, according to the current invention. Optionally, the process continues when 
the output signals of the cascode transistor module are coupled to an inductive module 
(S6). For example, an on-chip inductive module coupled to a supply rail may help 
manage piarasitic capacitance effects. 

[00321 The, foregoing described embodiments of the invention are provided as 
illustrations and descriptions. They are not intended to limit the invention to precise fomi 
described. In particular, the Applicants contemplate that functional implementation of 
the invention described herein may be implemented equivalently using a variety of 
technologies and materials systems. Also, the process steps describing the methods may 
be re-artahged and/or re^ordered. Other variations and embodiments are possible in light 
of above teachings, and it is thus intended that the scope of invention not be limited by 
15 this Detailed Description, but rather by Claims following. 
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7. 



A niethod for improving high-speed output buffer, components comprising the 
steps of: 

. . establishing a cascode transistor module for receiving a substantially 
differential current signal from a differential pair module and transmitting said 
sujjstantiaUy differential current signal into a pair of external load impedances as a 
first output waveform and a second output wavefomi; and_^^^ ^ r ci«»t<yL 

engineering the resistive loads seen b3{^e output nod^f said differential 
pair module, based on one or more criteria thereByengiHeenng the symmetry 
beti^een the rising edge and the falling edge for each of said fu-st output waveform 
and said second output waveform. 

comprises bipolar 



i^aiiistors. 

The method of claim 1 wherein said cascode transistor module comprises field 
effect transistors (FETs). 

iPK^ meithod of claim 1 wherein said differential pair module comprises bipolar 
transistors. 

Theimethod of claim 4 wherein said output nodes of said differential pair module 
coinprise the collector nodes of said bipolar tiansistors and the input nodes of said 
difierential pair module comprise tiie base nodes of said bipolar transistors. 
Tt|e method of claim 1 wherein said differential pair module comprises field 
fifet trafisistors (FETs). 



pair module 

coftiprise the drain nodes of said field effect transistors (FETs) and the input 
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substantially identical characteristics. 

The method of claim 1 wherein the step of engineering the resistive loads 
CQinprises th^ step of selecting a cascode bias voltage for said cascode transistor 
module. 



1 2. The method of claim 1 1 wherein the step of engineering the resistive loads 

comprises suppressing the voltages at the outputs of said differential pair module 
%^ihc?reasmgjthe max^ 
;in|u| yoitagci a^^ 

1 3 ; fhe feethod cftt 1 1 wherein the steji of engineering the resistive loads 

comprises suppressing the voltages at the outputs of said differential pair module 
by increasing the degree of non-linearity of the input-oulput capacitance of the 
differential pimr module transistors as a function of the input-ou^ut voltage of 
said differential pair inodule transistors. 

14. The method of claim 1 further comprisin^g^ep of preconditioning the signal 
input to said differential pan- module. 

15 . The method of claim 14 wherein the step of preconditioning the signal comprises 
the step of precohditipning the signal input to said differential pair module using 
<3nb or inore stages sblected 

a liinitiftg amplifier; 
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a Cheny-Hooper amplifier. 

The method of claim 1 further comprising the step of engineering the resistance 
due to the stage driving the input to said differential pair module. 
-Tlie method of claim-l^nvherenrther^ep of enginew^^^^ resistance due to ffie" 
stage driving the input to said differential pair module comprises engineering the 
symmetry between the rising edge and the falling edge for each of said differential 
pair module's input voltages supplied to the input nodes of said differential pair 
module. 

18. The method of claim 16 wherein the step of engineering the resistance due to the 
stage driving the input to said differential pair module comprises one or more 
steps selected from the list of steps consisting of: 

coupling a second resistive module to the input node of the fu-st transistor in 
said differential pair; and, 

coupling a third resistive module at the input node of the second transistor in 
said differential pair. 

19. The method of claun 18 wherein said second resistive module and said third 
resistive are substantially identical. 

20. The method of claim 1 8 wherein said second resistive module and said third 
resistive comprise one or more resistors. 

21. The method of claim 1 wherein said pair of external load impedances comprise 
one or more inductive modules. 

22. The method of claim 1 wherein symmetry between the rising edge and the falling 
edge for each of said first output waveform and said second output waveform is 
optimized to achieve a symmetrical output waveform. 

23 . The method of claim 1 wherein symmetry between the rising edge and the falling 
edge for each of said first output waveform and said second output waveform is 
optimized to achieve an asymmetrical output waveform. 

24. Aii improved high-speed output buffer component comprising: 
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a cascode t^sistor'module for receiAdng a subs^^ 
current signal from a differential pair module and transmitting said substantially 
differential current signal into a pair of external load impedances as a first output 
wiavefomi and a second ou^ut waveform wherem said cascode transistor module 
Gtimprises: 

a resistive load at the input nodes of said cascode transistor module; and 

a cascode bias voltage node for applying a cascode bias voltage wherein 
the symmetry between the rising edge and the falling edge for each of said first 
output waveform and said second output waveform may be altered by carefiil 
selection of one or more elements selected firom the list of: 

said resistive load and 

said cascode bias voltage. 

25. The improved high-speed output buffer component of clahn 24 wherein said 
resistive load at the input nodes of said cascode transistor module are due to the 
iiitfirisic properties of the transistor elements. 

26. Tlje iiiiproved high-speed output buffer component of claim 24 fiirther comprising 
a ifst resistive module coupled between said cascode transistor module and said 
differential pair module for increasing the resistive load at input nodes of said 
cascode transistor module. 

27. The.improved high-speed output buffer component of claim 26 wherein said first 
resis^ve module comprises a first resistor and a second resistor in a parallel 
ebnfi^ation. 

28. The improved high-speed output buffer component of claim 27 wherein said fu-st 
resistor and said second resistor have substantially identical characteristics. 

29. The improved high-speed output buffer component of claim 24 wherein said 
cascode bias voltage is engineered to suppress the voltages at the outputs of said 
differential pair module. 

30. the improved high-speed output buffer component of claim 24 wherein said 
cksGode transistor module comprises bipolar transistors. 

-30- 




31. tTieimpxoyediif|gt^ 



cascode transistor module comprises field effect transistors (FETs). 

32. The improved high-speed output buffer component of claim 24 wherein said 
differential paii- modde-comprisesbipoto transistors. 

33. The improved high-ispeed ouQ)ut buffer component of claim 32 wherein said 
ou^ut nodes of said differential pair module comprise the collector nodes of said 
bipolar transistors and the input nodes of said differential pair comprise the base 
nodes of said bipolar transistors. 

34. The improved high-speed output buffer component of claim 24 wherein said 
differential pair module comprises field effect transistors (FETs). 

35. The improved high-speed output buffer component of claim 34 wherein said 
output nodes of said differential pair module comprise the drain nodes of said 
field effect transistors (FETs) and said input nodes of said differential pair module 
comprise the gate nodes of said field effect transistors. 

36. The improved high-speed output buffer component of claim 24 fiirther Comprising 
one or more circuit elements selected firom the list of: 

a keep aiKve transistor and 
a bleed i^sistor. 

37. The improved high-speed output buffer component of claim 24 wherein: 

said differential pair module comprises a pair of differential pair module 
inputs for receiving a differential input signal; and, 

one or more stages for preconditioning said differential input signal are coupled to 
said pair of differential pair module inputs. 

38. the improved high-speed output buffer component of claim 37 wherein said 
stages comprise one or more stages selected firom the list of: 

an amplifier; 

a limiting amplifier; 

a buffer; and 

a Cherry-Hooper amplifier. 
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iin 24 further comprising 
one or more inductive modules coupled to the outputs of said cascode transistor 
module. 

Tiiie improved high-speed outpurbiffier component of claim~24 whCTfem said 
differential pair module comprises a first transistor with a first input node and a 
second transistor with a second input node and wherein said improved high-speed 
output buffer further comprises one or more elements selected fi-om the list 
consisting of: 

a second resistive module coupled to the input node of said first transistor; 
and, 

a third resistive module coupled to the input node of said second 
transistor; 

thereby engineering the resistance due to the stage driving the input to said 
differential pair module and thereby engineering the symmetry between the rising 
edge and the falling edge for each of said first output waveform and said second 
pi(q)\jt waveform, 

tiie iriiproved high-speed output buffer cornponent of claim 40 wherein said 
second resistive module and said third resistive are substantially identical. 
The improved high-speed output buffer component of claim 40 wherein said 
second resistive module and said third resistive comprise one or more resistors. 
A system comprising: 

one or more devices coupled to 

the improved high-speed output buffer component of claim 24. 
The system of claim 43 wherein said devices comprise one or more selected fi-om 
the Ust of: 

broad-band amplifiers; 

high-speed logic gates; 

narrow-band ampUfiers; 

amplifiers; 
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I J:! 1^ J area networks; 

'^^^^ - Isatellite cdmiriunications devices; 
commiinications systems; 
global positioning systems; and 
J ; : Wgh-speed communication systems. 





ABSTRACT 



A robust output buffer component capable of providing high quality output signals 
compiismg a cascode module for receiving a differential signal from a differential pair 
moduleiaiid transmitting that differential signal as two output waveforms. Using a 
bipolar implementation example, the emitter end of a common base cascode pair is 
coupled to the collector end of a common emitter differential pair with an optional 
resistive module inserted between the cascode pair and the differential pair. Engineering 
the cascode bias, the resistance at the collector nodes of the differential pair and/or the 
resistance at die base nodes of the differential pair effects: the degree of non-linearity of 
the base-collector capacitance as a function of the base-collector voltage, the voltage 
s^mg of the^cpUector hodesi aad the degree of symmetry of the input voltages. These 
three parameters may be used to optimize the symmetry of the output waveforms. 
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